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Table 1Typical instrumental operating conditions and data acquisition parameters

Mass spectrometry parameters

Instrument

RF forward power
Reflect RF power
Cool Gas
Auxiliary Gas
Sample Gas
Sample cones

Skimmer cones

Integration time

Isotopes

Neptune Neptune Plus

1340 W 1280 W

<3W <3W

16 L/min 16 L/min

0.8 L/min 0.8 L/min

1.2 L/min 0.8 L/min

Sample cone Ni Sample cone Ni

High performance High performance

0.131 s for each cycle; 1 cycle; 200 blocks/cycle 0.131 s for each cycle; 1 cycle; 200 blocks/cycle
Sr (Nd) Nd (Hf)

Laser ablation system (Analyte G2)

Laser system

Energy density

Spot size

Carrier gas flow rate

Pulse rate

ATLex 300si, ArFexcimer, wavelength UV 193 nm

3.18 J/em?

130pm for MAD, 110um for AP1 and LV-1, 85um for AFK and ZrkA, 65um for NW-1,50um for SDG, 40um for LOPO1

MEFCI1:1.9 L/min(He), MFC2:1.9 L/min(He)
12Hz
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Table 2 Faraday cup configuration of Neptune and Neptune plus for Sr-Nd-Hf isotopic measurement

Cup L4 L3 L2 L1 C H1 H2 H3 H4

Neptune
Sr Bgr 835  YMsr ®¥Rb s 865 8gr  gr ¥y
Nd 142Nd 143Nd 144Nd 145Nd 146Nd 147Sm 149Sm ISUNd lS4SIn

Neptune Plus

*

Nd 142Nd 143Nd 144Nd 145Nd 146Nd 147Sm 149Sm ISUNd lS4SIn

sk

Hf 172Yb 173Yb 175LLl 176Hf 177Hf 178Hf 179Hf lS()Hf ISZW

« . . o . .
means simultaneous measurement of Sr-Nd isotope.  means simultaneous measurement of Nd-Hf isotope.
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minerals by using laser ablation multi-collector ICP-MS
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Abstract This paper presents a combined methodology of simultaneously measuring Rb-Sr/Sm-Nd
or Sm-Nd/Lu-Hf isotopes in natural minerals by means of two multiple collector inductively coupled
plasma mass spectrometers (MC-ICP-MSs) connected to a 193 nm excimer laser ablation system.
The ablated materials carried out of the HelEx cell by helium gas are split into two gas streams with
different proportions into the Neptune for Sr (or Nd) analyses and Neptune Plus for Nd (or Hf)
analyses. Experiments show that different proportions of the ablated material for the Neptune and
Neptune Plus MC-ICPMS (3:7, 5:5 and 7:3, respectively) do not show any significant bias for the
Sr-Nd isotopes on apatite or Nd-Hf isotopes on loparite within analytical uncertainties. Therefore, we
conclude that this technique is suitable to simultaneously measure Rb-Sr and Sm-Nd or Sm-Nd and
Lu-Hf isotopes on natural minerals, such as apatite, perovskite, loparite and eudialyte for Sr-Nd

isotopes and eudialyte and zirconolite for Nd-Hf isotopes.

1. Introduction

Rb-Sr, Sm-Nd and Lu-Hf isotopes are not only important tracers in geochemistry and
geochronology, but also important tools for deciphering petrogenesis and crust-mantle evolution in
our planet.'™® The rapid development in recent years in multi-collector inductively coupled plasma

1
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mass spectrometry combined with laser ablation technique (LA-MC-ICP-MS) make it possible to
rapidly determine in situ Sr or Nd or Hf isotopes in minerals with such isotope composition (e.g.,
apatite, perovsikte loparite, zircon, eudialyte and zirconalite). This technique is a more powerful tool
to constrain geological processes than whole rock analysis.®!® The different elements in geology
used for radiogenic isotope studies vary significantly depending on their chemical and physical
properties, therefore the sensitivity of the different isotope systems will vary depending on particular
petrological processes. A good example is the difference in the Sm-Nd system, in which both
elements share similar chemical and physical characteristics, and the Rb-Sr system, in which both
elements are strongly fractionated. Therefore, a combined study of two or more isotopic systems can
more accurately and precisely constrain the petrogenesis and crust-mantle evolution on Earth.

The routine analytical technique of in sifu Sr, Nd or Hf isotope can only measure one element at
a time. Therefore to measure Sr-Nd-Hf isotopes of natural minerals, three different analyses must be
carried out. In that case, it will not be in situ simultaneous determinations of Sr-Nd-Hf isotopes
because the information provided is not obtained from the same volume of material. The synthetic
analysis of multiple isotopes of the same volume of material is the main trend of in situ Sr, Nd and
Hf isotopic analysis in the near future.'*'” For example, the first simultaneous measurements of
U-Pb/Lu-Hf isotopes, and trace elements in zircon reference materials were reported by Yuan et al..
The materials were measured using a quadrupole ICP-MS (Elan6100 DRC) and a MC-ICP-MS (Nu
Plasma HR), and the results agree with the reference values. Xie et al., also performed in situ
simultaneous measurements of U-Pb/Lu-Hf isotopes, and trace elements in zircon and baddeleyite
reference materials using a quadrupole ICP-MS (Agilent 7500a) and a MC-ICP-MS (Neptune). The
results also agree with the reference values. As in our study the authors did not find any evidence of
increased elemental fractionation when the aerosol is split in different proportions. Tollstrup et al.,
used a HR-ICP-MS (ELEMENT XR) and a MC-ICP-MS (NEPTUNE Plus) to carry out
simultaneous measurements of U-Pb ages and Lu-Hf isotopes in zircon. In that study, it was found
that U-Pb ages of various reference materials were accurate within 0.3-2.5% (20) compared to the
TIMS value, and '"°Hf/'""Hf ratio were accurate within 0.28-0.73% (20) relative to solution
MC-ICP-MS value, demonstrating the potential of the simultaneous measurement of both isotope
ratios and trace elements.

In this paper, we developed a technique for simultanecous determination of Rb-Sr/Sm-Nd or

2
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Sm-Nd/Lu-Hf isotopes during in sifu laser ablation using two MC-ICP-MS’s (Neptune and Neptune
plus) and an excimer ArF laser-ablation system (Analyte G2) hosted at the Institute of Geology and
Geophysics, Chinese Academy of Sciences. This method is validated by simultaneous measurements
of Sr-Nd isotopes on apatite, perovskite, loparite and eudialyte or Nd-Hf isotopes on eudialyte and
zirconolite. The results are consistent with previously reported values, which indicate the reliability

and robustness of our analytical protocol.

2. Experimental methodology
2.1. Instrumentation

All accessory mineral investigated in this study were analyzed at the State Key Laboratory of
Lithospheric Evolution, the Institute of Geology and Geophysics, Chinese Academy of Sciences,
Beijing. The Analyte G2 laser ablation system (Photon Machines, USA) is powered by an ATLex
300si 193nm excimer laser. It has full (0-100%) energy attenuation, beam homogenization optics and
maximum energy density of 15 J/cm? Laser spot sizes vary between 1-150 um and include circular,
square, cross and slit-shaped spots. Pulse width is less than 4 ns, and frequency varies from 1 to 300
Hz. It is equipped with an ANU HelEx 2-volume cell having 100 cm square useful sample area
which allows for the efficient transport of sample into the mass spectrometer. This cell minimizes
washout times and enables sequential, rapid, reliable analysis of multiple ablation sites. A laser
repetition rate of 12 Hz was used in this study, and spot sizes ranged from 40um to 130pm,
depending on the Sr, Nd and Hf concentration of the samples. Helium was used as the carrier gas
within the ablation cell.

Sr, Nd and Hf isotopic analysis were carried out by Thermo Fisher Scientific Neptune and
Neptune Plus MC-ICP-MSs (Bremen, Germany) combined with the Analyte G2, as shown in Fig.1.
The detailed description of the instruments can be found in elsewhere. The Sr, Nd and Hf isotopic
data were acquired by static multi-collection in low-resolution mode using nine Faraday collectors.

The detailed parameters are summarized in Tables 1 and 2.

Figure 1
Tables 1 & 2
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The 193 nm laser beam is generated from ATLex 300si 193nm Excimer laser, homogenized by
optics, modulated to the right spot size by the aperture finally reaching the surface of the samples.
The ablated sample aerosol carried out of the HelEx cell by helium is split into two proportions using
an Y-shaped connector, one transported to the Neptune and the other to the Neptune Plus. Both of

them can be adjusted by two gas flow controller between the Y-shaped connector and the gas mixers

to achieve different gas flow ratios and ensure sufficient signals for Sr-Nd or Nd-Hf isotopic analyses.

The sample aerosol of two gas streams was mixed with Ar sample gas from two MC-ICP-MSs prior

to introducing the aerosol into the plasma.

2.2. Data reduction

In situ Sr, Nd and Hf isotopic measurements using LA-MC-ICP-MS were described in detail,
therefore we only provide here a brief description of the data reduction procedure. For Sr isotopic
analysis, the potential isobaric interferences were taken into account for Kr, Yb, Er and Rb. The
interference of Kr and **Kr on *Sr and 'Sr, respectively, was removed using the 40 s Kr gas
baseline measurement. The interference of Er and Yb at Sr masses was monitored using the isotopic
abundances of Er and Yb."” The natural ratio of *Rb/*’Rb was used to correct for isobaric
interference of *’Rb on ¥’Sr by the exponential law. Finally, the *’Sr/**Sr, ¥Rb/**Sr, *Sr/*Sr and
$4S1/**Sr ratios were normalized using the exponential law.* > '?

For Nd isotopic analysis, the isobaric interference of 4Sm on "Nd is significant. We used the
measured '*’Sm/"*’Sm ratio to calculate the Sm fractionation factor and the measured '*’Sm intensity
by using the natural '“’Sm/'**Sm ratio to estimate the Sm interference on mass 144. The
interference-corrected '**Nd/'**Nd ratio can then be used to calculate the Nd fractionation factor.
Finally, the "*"Sm/"**Nd, "*Nd/'*Nd and "*Nd/'**Nd ratios were normalized using the exponential
law, 1218

For Hf isotopic analysis, the isobaric interference of '"°Lu on '"Hf is negligible due to the low
Y¢Lu/"Hf in the zirconolite (normally < 0.0002) and eudialyte (normally < 0.001). In this study,
6L u/"Lu = 0.02655 was used to extract the interference of "“Lu to '"®Hf. However, the
interference of '"*Yb on '"°Hf must be carefully corrected since the contribution of '"°Yb to '"°Hf
could profoundly affect the accuracy of the measured '"°Hf/'”"Hf ratio. During analysis, an isotopic

ratio of '°Yb/'*Yb = 0.588673 was applied. Finally, the '"°Yb/!""Hf, '"°Lu/'"Hf, "°Hf/'""H ratios

4
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. : . S 10
were normalized using the exponential law given in reference.

2.3. Investigation for simultaneous determination

Figure 2

Because of the different concentrations of Sr, Nd and Hf in the analyzed minerals, the
proportions of ablated aerosol carried into the Neptune and Neptune Plus MC-ICP-MSs were
adjusted to obtain precise data for Sr, Nd and Hf isotopic compositions. In this case, the main
question is whether there is any mass fractionation when different proportion of ablated material is
carried into the Neptune and Neptune Plus MC-ICP-MSs simultaneously. In this paper, our in-house
reference materials for apatite (SDG) and loparite (LOPO1) were used to answer the above question.
The SDG apatite comes from the Sandaogou alkaline ultramafic complex in Inner Mongolia,
China,®® and the LOPO1 loparite comes from the eudialyte lujavrites layered intrusion from the
western part of the complex between the Alluaiv and Punkaruaiv Mountains, Greenland.”'

The SDG apatite was ablated using Analyte G2 laser ablation system, with 12 Hz frequency and
50 um spot size. Three different proportions (3:7, 5:5 and 7:3) of ablated materials were split into
two MC-ICP-MS’s (Neptune and Neptune plus) for the measurement of Sr and Nd isotopic
compositions. The obtained mean ¥7S1/*Sr ratios of SDG apatite by Neptune was 0.70302 + 11 (2SD,
n = 10, [3:7]) (Fig. 2a), 0.70301 £+ 04 (2SD, n = 10, [5:5]) (Fig. 2c) and 0.70304 + 02 (2SD, n = 10,
[7:3]) (Fig. 2e), respectively, whereas, the obtained mean "Nd/M**Nd ratios by the Neptune plus was
0.510924 + 29 (2SD, n = 10, [3:7]) (Fig. 2b), 0.510907 + 27 (2SD, n = 10, [5:5]) (Fig. 2d) and
0.510911 £ 43 (2SD, n = 10, [7:3]) (Fig. 2f), respectively (see appendix Table 1). The achieved
¥7S1/*°Sr ratios are in agreement within analytical errors and are the same as the reference value of
0.70300 + 01 (2SD, n = 5) by the solution method.'? The '**Nd/'*Nd ratios are also identical within
analytical errors with the reference value of 0.510918 + 14 (2SD, n = 5) by the solution method."

The same analytical procedure was used to measure the Sr and Nd isotopic compositions of
loparite (LOPO1), with a spot size of 40 pm. The mean *’Sr/*Sr ratios of LOP01 measured by the
Neptune were: 0.70360 + 13 (2SD, n = 10, [3:7]) (Fig. 2g), 0.70361 + 06 (2SD, n = 10, [5:5]) (Fig.
21); and 0.70364 + 04 (2SD, n = 10, [7:3]) (Fig. 2k), respectively. They are consistent within

5
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analytical errors and are identical to the reference value of 0.70362 + 04 (2SD, n = 3) measured by
TIMS. The obtained mean '**Nd/"**Nd ratios by the Neptune plus was 0.512467 + 17 (2SD, n = 10,
[3:7]) (Fig. 2h), 0.512452 + 21 (2SD, n = 10, [5:5]) (Fig. 2j) and 0.512459 + 45 (2SD, n = 10, [7:3])
(Fig. 21), respectively (see appendix Table 2). They are identical within analytical errors and are the
same as the reported value of 0.512468 + 18 (2SD, n = 5) by the TIMS method. Therefore, we
concluded that there is no significant mass fractionation when different proportions of ablated

material were carried into the Neptune and the Neptune Plus MC-ICP-MSs.

3. Results
3.1. Sr-Nd simultaneous measurement
We first present our in situ simultaneous Sr-Nd isotopic analyses (Sr measured in the Neptune

and Nd in the Neptune Plus) for apatite, loparite, eudialyte and perovskite (see appendix Table 3).

Figure 3 & 4

3.1.1. Apatite

AP is an in-house apatite reference material probably from Madagascar.'> ID-TIMS analysis
for this apatite standard gave a weighted mean *°Pb/***U age of 475 Ma.” The ¥'Sr/*Sr isotopic
data are shown in Fig. 3a, yielding a mean 731/*%Sr ratio of 0.71137 + 14 (2SD, n = 10). The mean
value is identical to the reported solution value of 0.71137 + 03 (2SD, n = 14) within analytical
errors. The results show that the obtained '**Nd/'**Nd ratio of AP1 apatite is 0.511348 + 47 (2SD n =
10) (Fig. 3b), consistent with the published value of 0.511352 + 24 (2SD, n = 12)."* The
corresponding eNd(t) value of —18.2 + 0.90 (2SD, n = 10) is almost identical to the eNd(t) value of
—18.2 £ 0.50 (2SD, n = 10) by the solution method."?

MAD apatite is an international reference material from the Ist Mine Discovery in
Madagascar,'> with a TIMS U-Pb age of 485.2 + 0.8 Ma.”> > The simultaneous in situ *’Sr/**Sr and
"Nd/'**Nd isotopic data are listed in Table 3 and shown in Figs. 3¢ and 3d. The results show that
the mean *’Sr/*Sr ratio of MAD apatite is 0.71190 + 10 (2SD, n = 10) (Fig. 3c), which is identical to
the solution mean value of 0.71180 + 03 (2SD, n = 11)'* within analytical errors. The '*Nd/'**Nd
result of the MAD apatite is 0.511346 + 31 (2SD, n = 10) (Fig. 3d), consistent with the published

6
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value of 0.511348 + 16 (2SD, n = 5)."* The corresponding eNd(t) of —18.1 + 0.7 (2SD, n = 10) is
almost identical to the eNd(t) value of —18.1 + 0.3 (2SD, n = 5) by the solution method."

NW-1 apatite is from a carbonatite in the Prairie Lake alkaline carbonatite complex in Ontario,
Canada®®**2*% with a U-Th-Pb age of 1160 + 5 Ma measured by SIMS.? Our results show that
the mean *'St/*®Sr ratio of NW-1 apatite is 0.70248 £ 10 (2SD, n = 10) (Fig. 3e), identical to the
solution mean value of 0.70250 + 02 (2SD, n = 11)'* within analytical errors. The '*Nd/'**Nd ratio
of the NW-1 apatite is 0.512096 + 45 (2SD, n = 10) (Fig. 3f), consistent with the published value of
0.512104 + 11 (2SD, n = 7)."* The corresponding eNd(t) value of 3.58 + 0.85 (2SD, n = 10) is almost
identical to value of 3.77 + 0.14 (2SD, n = 7) by the solution method."

3.1.2. Perovskite

The AFK perovskite standard was extracted from an irregular pegmatite body collected from the
Afrikanda complex in the Kola Peninsula, Russia.”® The TIMS analyses yielded a weighted mean
296pp/28 age of 382 + 1 Ma.”® Our results indicates a mean *’St/**Sr of 0.70340 + 08 (2SD, n = 10)
(Fig. 4a), which is similar to the TIMS mean value of 0.70335 + 04 (2SD, n = 5)*° within analytical
errors. The "*Nd/"**Nd ratio of this standard is 0.512610 + 49 (2SD, n = 10) (Fig. 4b), consistent
with the published value of 0.512609 + 27 (2SD, n = 3).%° The corresponding eNd(t) value of 5.88 +
0.86 (2SD, n = 10) is almost identical to the value of 5.83 + 0.58 (2SD, n=3) by the solution

method.?

3.1.3. Loprite

Kramm and Kogarko?’ reported a whole rock Rb—Sr isochron age for the Lovozero and Khibiny
(Kola Peninsula, Russia) loprite standard of 370.4 + 6.7 Ma. Our results show that the mean *’Sr/*Sr
ratio is 0.70361 = 11 (2SD, n = 10), consistent with the TIMS mean value of 0.70362 + 04 (2SD, n =
3) within analytical errors (Fig. 4c). The *Nd/"**Nd ratio of this standard is 0.512463 + 71 (2SD, n
= 10) (Fig. 4d), identical to the published value of 0.512468 + 18 (2SD, n = 5). The corresponding
eNd(t) of 4.05 + 1.39 (2SD, n = 10) is similar to the eNd(t) value of 3.72 = 0.70 (2SD, n=5) by the

solution method.

3.1.4. Eudialyte
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The LVO1 eudialyte standard comes from a pegmatitic syenite occurring in the Lovozero
alkaline complex (Kola Peninsula, Russia). The LA-ICP-MS analyses yielded a weighted mean
26pp/ 28U age of 376 + 6 Ma.® The mean 'St/**Sr ratio is 0.70399 + 05 (2SD, n = 10) (Fig. 4e),
which is the same as the reported TIMS mean value of 0.70392 + 02 (2SD, n = 3)° within analytical
errors. The "*Nd/'"**Nd ratio for this standard is 0.512641 + 43 (2SD, n = 10) (Fig. 4f), consistent
with the published value of 0.512702 + 28 (2SD, n = 2).° The corresponding eNd(t) of 3.89 + 0.82
(2SD, n = 10) is almost identical to the eNd(t) value of 4.94 + 0.62 (2SD, n=2) by the solution

method.®

3.2. Nd-Hf simultaneous measurement
We conducted in situ simultaneous Nd-Hf isotopic analyses (Nd measured in the Neptune and

Hf measured in the Neptune Plus) for eudialyte and zirconolite (see appendix Table 4).

Figure 5

3.2.1. Eudialyte

As shown in Fig. 5a, twelve analyses of LVO1 eudialyte standard yield a mean '**Nd/"**Nd ratio
of 0.512658 + 66 (2SD), consistent with the published value of 0.512702 + 28 (2SD, n = 2).® The
corresponding eNd(t) value is 4.20 + 1.25 (2SD, n = 12), similar within errors of the solution TIMS
method value of 4.94 + 0.62 (2SD, n=2). Moreover, as displayed in Fig. 5b, the twelve analyses of
LVO1 eudialyte give a mean '"°Hf/'"Hf ratio of 0.282806 + 57 (2SD), which is well within the error
of the reported TIMS mean value of 0.282761 + 18 (2SD, n = 5).° The corresponding eHf(t) of 8.79
+1.99 (2SD, n = 12) is similar to the eHf(t) value of 7.08 + 0.66 (2SD, n=5) by the solution method.®

3.2.2. Zirconlite

The ZrkA zirconolite standard was collected in the Phalaborwa Mine, Loolekop complex
(Gauteng province, Republic of South Africa), which consist of a single prismatic crystal lacking any
matrix. The reported age on this standard is ~2060Ma on SIMS Pb-Pb.” The measured Nd isotopic
data is displayed on the Fig. 5¢ with a mean '*Nd/'**Nd data of 0.512339 + 35 (2SD, n = 12),
consistent with the published value of 0.512323 + 08 (2SD, n=5).” The corresponding eNd(t) value is

8
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-6.47 £ 1.26 (2SD, n = 12), which is similar within uncertainty of the solution TIMS value of -5.60 +
0.20 (2SD, n=5). The Hf isotopic analysis measured in this study give a mean SHf/"H ratio of
0.281263 = 51 (2SD, n = 12) (Fig. 5d), which is well within the error of the reported solution mean
value of 0.281296 + 05 (2SD, n = 5).” The corresponding eHf{(t) of -8.03 = 1.79 (2SD, n = 12) is
almost identical to the eHf(t) value of -6.80 + 0.20 (2SD, n=5) by the solution method.’

4. Discussion

Natural mineral usually have complex crystal structures, i.e., fine-scale zoning as well as growth
zoning. Such growth zones can be distinct both in composition and age in a single grain or sub-grain
scale.'”?® Therefore, it is better for researchers to conduct in situ analysis in either thin section or
grain epoxy mounts with a spatial resolution to suit the problem being addressed.'®***° Previous in
situ Sr, Nd and Hf isotopic measurements on different minerals were conducted on more than one
ablation event using different volume of ablated materials, which increases the level of sampling
uncertainty because of the discrimination in the ablation volumes, depths and locations.'” Taking into
account the widely used Sr-Nd (e.g., [87Sr/86Sr]i - engt ) or Nd-Hf (e.g., endt - epst ) diagrams to trace
the petrogenesis and evolution of the Earth, our in-situ simultaneous Sr-Nd or Nd-Hf isotopic
analysis of the same volume of material brings an ideal solution to the sampling limitations
mentioned above.

In contrast to previous analytical techniques of different ablated material in different analytical
sessions, our developed method maximizes the amount of useful isotopic data that can be obtained
from a single spot analysis by using two MC-ICP-MS’s. This technique is much suitable for natural

minerals with enriched Sr and Nd contents, such as apatite, perovskite, loprite and eudialyte,® '* 2"

and those with relatively enriched Nd and Hf concentrations, i.e., zirconolite and eudialyte.7’ 26
Furthermore, as shown in Appendix Tables 3 and 4, the precision and accuracy of Sr, Nd and Hf
isotopes, measured using our developed methodology were assessed and evaluated by using five
natural mineral from the reference materials in the collection of our laboratory, demonstrating the
applicability and robustness of our developed approach.

Nevertheless, the main limitation of simultaneous measurement is that the signal strength on each
MC-ICP-MS decreases when compared to the separate measurements of Sr, Nd or Hf isotopes. This

drawback happens because the total volume of ablated material is split into two MC-ICP-MS

9
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instruments. The tables in the appendix provide more information on the extent of the loss of signal
intensity. Additionally, not all minerals can be simultaneously measured using our method due to
their lower element concentrations and potential interferences. Only the minerals with high
concentrations of Sr, Nd and Hf can be used for the simultaneous determination of Sr, Nd and Hf
isotopic compositions with reasonable analytical precisions (e.g., Eudialyte). According to our study,
more than 1000 ppm of Sr is enough to yield data with a precision of = 0.0001 if a large spot size is
used (Appendix Table 3). For Nd isotopic analysis, the deviation requirement for practical geological
application is + 2¢ units, corresponding to a '**Nd/"**Nd data deviation of + 0.0001.°® More than ~
1000 ppm of Nd is enough for most Nd enriched accessory minerals. As for simultaneous Nd-Hf
isotopic measurement, only a few minerals (e.g., eudialyte and zirconolite) are feasible if they

contain relatively high concentrations of Nd and Hf (Appendix Table 4).

5. Conclusion

We present an analytical protocol for using laser ablation (Analyte G2) together with two
MC-ICP-MSs to measure Sr-Nd or Nd-Hf isotopes simultaneously for a single ablation event. There
are insignificant variations in the Sr, Nd and Hf isotopic ratios when the different proportions of
ablated material were carried into the Neptune and Neptune Plus MC-ICP-MSs, indicating that there
is no evident elemental (or isotopic) fractionation during transportation of laser ablation aerosol. Sr,
Nd and Hf isotopic values for eight samples of five natural minerals obtained by this method are
identical to the reference values within analytical errors, indicating the feasibility of using the
proposed method. Our technique is of value in applications required Sr, Nd and Hf isotopic
compositions from a single sampling site, which provides a powerful tool for petrogenetic studies

related to the geological evolution of our planet.
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Figure Captions

Figure 1. Schematic illustration for analytical protocol of in sifu simultaneous Sr-Nd or Nd-Hf
isotopic analyses of accessory minerals. The experimental setup of the Aanlyte G2 laser ablation, and
simultaneous determination of Sr (Nd) isotope on the Neptune MC-ICP-MS and Nd (Hf) isotope on
the Neptune Plus MC-ICP-MS.

Figure 2. ¥St/**Sr and "“Nd/"**Nd ratio of in sifu simultaneous Sr-Nd isotope analyses for SDG
apatite and LOPO1 loparite measured using different gas ratios. For SDG, the gas stream (Sr): the gas
stream (Nd) = 3:7 (a, b), the gas stream (Sr): the gas stream (Nd) = 5:5 (c, d), and the gas stream (Sr):
the gas stream (Nd) = 7:3 (e, ). For LOPO1, the gas stream (Sr): the gas stream (Nd) = 3:7 (g, h), the
gas stream (Sr) : the gas stream (Nd) = 5:5 (i, j), and the gas stream (Sr): the gas stream (Nd) = 7:3 (k,
1).

Figure 3. ¥'Sr/*Sr and "®Nd/"*'Nd ratio of in situ simultaneous Sr-Nd isotope analyses for AP1

apatite (a, b), MAD apatite (c, d) and NW-1 apatite (e, f).

Figure 4. *’Sr/*Sr and "Nd/"**Nd ratio of in situ simultaneous Sr-Nd isotope analyses for AFK

perovskite (a, b), LOP01 Loprite (c, d) and LVO1 eudialyte (e, ).

Figure 5. "INd/**Nd and '"°Hf/"Hf ratio of in sifu simultaneous Nd-Hf isotope analyses for LVO1

eudialyte (a, b) and ZrkA zirconolite (c, d).
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